ABSTRACT A novel method of Ni recovery from the acid leaching solution of electroplating sludge through preparing Ni-Fe alloy with high Fe 2+ content (i.e., 0.5 g/L) is proposed in this paper, and the corresponding electrodeposition process was studied using conventional electrochemical techniques and scanning electron microscopy. The obtained results showed that adding saccharin Na at concentrations from 0 to 14 g/L to the deposition bath increased the cathodic polarization potential of Ni-Fe co-deposition, with sensible grain refinement and disappearance of surface cracks observed after the addition of 14 g/L saccharin Na. Two different mathematical models of metal nucleation were tested, and the different morphologies of the deposits formed with and without saccharin Na suggested disparate nucleation mechanisms. The Ni-Fe deposition potential shifted positively in the presence of thiourea, and it should not be added together with saccharin Na during the nucleation stage for the grain refinement of the deposits. The iron contents in the deposits decreased with the increase of thiourea concentration ascribed to the thiourea complex which adsorbed on the cathodic surface preventing Fe 2+ electrodeposition from the electrolytes.
Introduction
Electroplating sludge is a heavy metal-containing by-product of the electroplating industry and typically contains various valuable metals, such as Cu, Ni, Zn, and Fe. This sludge is an important secondary resource for Ni recovery, 1,2 leaching solution of which can be used to produce Ni or NiSO 4 ·6H 2 O. As a common cooperative element, the Fe 2+ strongly affects nickel recovery. The Fe 2+ concentration in the electrolyte must be lower than 4 mg/L during Ni electrodeposition, and for NiSO 4 ·6H 2 O production, this concentration should be below 0.002%. 3, 4 Complete Fe removal from the electroplating sludge is necessary, but this requirement increases the process cost greatly and simultaneously causes nickel loss. Thus, recovering Ni from the leaching solution of electroplating sludge with relatively high Fe 2+ concentration is meaningful.
The codeposition of Fe and Ni from this leaching solution to prepare Ni-Fe alloy is a comprising process with regard to the economy and environment. The electrodeposition of Fe and Ni is classified as an anomalous co-deposition, in which the lowerpotential metal (Fe) is deposited preferentially because of the preferential absorption of Fe hydroxide on the cathode. Various NiFe plating bath recipes have been proposed and reviewed previously. The properties and compositions of Ni-Fe deposits are strongly affected by the Fe 2+ concentration, pH, temperature, and current density. Kim et al. 5 found that the composition of Ni-Fe deposit was highly dependent on the Fe ions concentration rather than Ni ions concentration and that the Fe content in Ni-Fe deposit increased as the Fe 2+ concentration in the solution increased. In addition, when the Cl ¹ concentration increased from 0.06 M to 0.1 M, the Fe content of the resulting deposit varied from 55% to 65%. Virginia Costa Kieling 6 found that Ni-Fe deposits with higher Fe contents were obtained at low pH (2.0-2.5). In addition, many complexing reagents, such as citric acid, tartaric acid, glycine, and sulfamic acid, can alter the properties of Ni-Fe alloys via the accumulation of cathodic reaction products during electrodeposition. However, internal stress in the deposit, which is mainly caused by the presence of Fe, is inevitable in these processes. 7 In the study of Antonello Vicenzo, 8 a nickel-iron alloy coating was produced by electrodeposition from an additive free electrolyte, at room temperature and current density in the range of 1 to 5 A dm
¹2
, with Fe content up to 75 wt%. Low iron cation concentration, a pH slightly above 3, and relatively high current density were operating conditions suited to the formation of Ni-Fe alloy of C-phase structure in the composition range up to about 30% Fe, free from cracking though with a high level of internal stress. However, the internal stress and cracking phenomena of a thicker deposit were not studied under long time Ni-Fe codeposition condition.
Typically, additives are used in electroplating baths to modify the properties of the resulting deposits. In the Ni deposition process, additives have been used as brighteners, levellers, wetting agents, and stress reducers. [9] [10] [11] [12] [13] [14] In Fe-group deposits, saccharin is a commonly used organic additive that acts as a levelling, brightening, and stress-reducing agent. Moreover, saccharin Na salt has been reported to be more soluble than saccharin, and its presence can strongly alter the corrosion resistance properties of Fe deposits. Thiourea (TU) [15] [16] [17] [18] has been used commercially in Cu electrorefining and electrowinning to produce smooth and bright Cu deposits. Additionally, Rogers et al. 19 found that thiourea acted as both a leveller and brightener in Watts-type Ni baths, and J. J. Hoekstra and D. Trivich 20 observed that the thiourea at concentrations of 50 to 100 mg dm ¹3 was an extremely good brightener and leveller in Watts-type Ni baths. Further, Mohanty et al. 21 reported that a slight decrease of 3 to 4 pct in the current efficiency was observed when the concentration of thiourea was increased from 2 to 40 mg dm ¹3 during Ni electrodeposition from acidic sulfate solutions and that depolarization of the cathode occurred at low thiourea concentrations (i.e.,¯10 mg dm
¹3
).
Electrochemistry
For the recovery of Ni from electroplating sludge with low cost, a method of Ni-Fe alloy preparation based on Ni-Fe co-deposition from its acidic leaching solution with a relatively high Fe 2+ concentration (0.5 g/L in this work) is proposed in this paper, in which the prepared Ni-Fe alloy is expected to be used as raw materials for production of stainless steel alloy. Besides, as reported in previous research, 12 saccharin/saccharin Na is a commonly used organic additive that acts as a levelling and brightening agent due to its effects of cathodic polarization, grain refinement, reducing internal stress etc. Moreover, the thiourea causes depolarization of the cathode at low thiourea concentrations, 21 which will increase the grain growth rate after nucleation stage finished. So we consider using these two additives in different stages in this study. This work mainly investigated the effects of saccharin Na and thiourea on the nucleation mechanism, deposit quality, grain growth and deposit composition in Ni-Fe co-deposition from acidic sulfate solutions. Table 1 shows that main metal components in the electroplating sludge used are Cu, Ni, Fe and Zn, and most of them were leached into the leaching solution in sulfuric acid. 3 , and 60 g/L Na sulfate; saccharin Na and thiourea were used as additive agents. The pH of all baths was 3.5. The buffer capacities of the solutions were determined by the slow addition of 4.6 g/L H 2 SO 4 or 4 g/L NaOH to a portion of the investigated electrolyte until an appropriate pH (2.5-3.5) was achieved. All experimental solutions were purged with high-purity N 2 to remove O 2 from the solution.
Experimental
Electrochemical measurements were conducted in a threeelectrode cell using glassy carbon as the working electrode (0.3 cm 2 ), a disk platinum electrode as the counter electrode (T 3 mm), and a saturated calomel electrode as the reference electrode. Before each experiment, the glassy carbon electrode, which had a mirror finish, was chemically cleaned using acetone. A solution volume of 200 mL was used in each electrochemical experiment. Cyclic voltammetry and electrochemical impedance analyses using an electrochemical workstation (PARSTAT2273) were conducted to verify the polarization or depolarization effects of saccharin Na and thiourea on the cathodic deposition. Cyclic voltammograms were collected at a potential scan rate of 20 mV/s. Sweeps were performed from the initial potential towards negative values. The frequency range and the AC amplitude of electrochemical impedance analysis were 0.1-10000 Hz and 5 mV, respectively. All experiments were performed at 60°C, and a water bath was used.
The Ni-Fe codeposition process tests were conducted under an Ar atmosphere in a cycle system consisting of a high slot, a low slot, and an electrolytic cell ( Fig. 1) . After a long time electrodeposition process for recovering Ni from the solution, the concentrations of Ni 2+ and Fe 2+ near the electrode are constantly depleted, and a cyclic electrodeposition system is needed to slow down the dilution of the Ni 2+ and Fe 2+ concentrations. In a single anode deposition system, the deposition process will be carried out at both sides of the single anode, which will cause the ions concentrations surrounding the anode to be inhomogeneity and further the deposit to be roughness. As a result, a two anodes setup is chosen as shown in Fig. 1 . The electrolyte solution was prepared by combining FeSO 4 ·6H 2 O (analytical purity) and NiSO 4 ·7H 2 O (analytical purity) in a certain ratio. The solution temperature was controlled at 60°C using a water bath. The anode was a titanium plate, and the cathode was a glassy carbon plate with a polar distance of 20 mm. The surface morphology of the deposit was examined by scanning electron microscopy (SEM; HITACHI-S3400N).
Results and Discussion

Nucleation 3.1.1 The Ni-Fe electrodeposition potential
Cyclic voltammograms were recorded by scanning from an initial potential of 0.5 V towards more negative values (up to ¹1.4 V) at 60°C (Fig. 2) . The forward and reverse scans form a relatively large loop, as shown in Fig. 2 , showing that the current density in the forward scan is lower than that in the reverse scan. This indicates that the electrodeposition of Ni and Fe on the freshly deposited Ni-Fe alloy surface requires less energy than that on the glassy carbon. 22 In the negative scan, the Ni-Fe codeposition in the absence of saccharin Na starts at approximately ¹0.9 V, and as the concentration of saccharin Na is increased to 14 g/L, this potential exhibits a negative shift. In addition, saccharin Na leads to an obvious decrease in the cathodic current density, indicating a remarkable inhibition on Ni and Fe electro reduction. [23] [24] [25] [26] [27] As the saccharin Na concentration is increased further (i.e., from 14 to 20 g/L), some excess saccharin Na decomposes and generates S 2¹ ions, which can adsorb on the cathode. 28, 29 Accordingly, the concentrations of Ni 2+ and Fe 2+ at the cathode surface will increase because of the effect of electric double layer, 22 and the cathodic polarization potential decreases. When the cathode peak current Electrochemistry, (in press) reaches a minimum at 14 g/L saccharin Na, the polarization potential reaches its maximum. The morphology of the Ni-Fe deposit in the presence of saccharin Na was determined by SEM. The typical SEM micrographs are shown in Fig. 3 . A low overpotential generally causes the rate of nucleation formation decrease and the grain size increase. [25] [26] [27] The deposit obtained from the additive-free solution shows an uncompact and non-homogeneous structure as shown in Fig. 3(a) . The addition of 10 or 14 g/L saccharin Na increases the overpotential substantially (Fig. 2) , and it leads to a clear grain refinement (Figs. 3(b) and (c)), with strong inhibition of Ni and Fe grain growth perpendicular to the substrate. Furthermore, a net of micro cracks is observed on the deposit surface in Fig. 3(b) because of the presence of Fe 2+ . 4 As shown in Fig. 3(a) and Fig. 3(b) , the net crack appears between the coarse particles and the fine particles in the Ni-Fe deposit. The net crack is defined as the gap between the coarse particles and the fine particles in the deposit. If cracks exist in the Ni-Fe alloy during the electrodeposition process, the codeposition of Ni 2+ and Fe 2+ cannot be continued due to falling off of the cathode products. To make long time electrodeposition of Ni-Fe alloy to be carried out, the Ni-Fe alloy without cracks should be prepared. The adsorptive capacity of saccharin Na on the cathodic surface increases with the saccharin Na content, and this prevents Fe 2+ from electrodeposition reported by YU Jin-ku et al. 30 and, therefore, the iron content in the deposits decreases as shown in Table 4 . At the same time, with the increase of saccharin Na content in the range of 0-14 g/L, the surface particles were more homogeneous (Fig. 3) , and the internal stress was significantly reduced, 30 indicating that the reduction of Fe 2+ content has a relieving effect on the internal stress. The morphology of the Ni-Fe alloy surface changes drastically as the saccharin Na concentration is increased to 14 g/L, as shown in Fig. 3(c) . Part of the saccharin Na could be reduced, generating "S" and then be co-deposited with Ni and/or Fe 12, 28, 29 to form sulphides. It effectively resists the tensile stress in the deposit and causes the surface crack disappearing Fig. 3(c) . When the saccharin Na concentration is up to 18 g/L, some saccharin Na will be adsorbed directly on the electrode surface and causes the polarization overpotential decrease (Fig. 2) . Due to that, the grain growth rate increases and it makes the cathode surface uneven (Fig. 3(d) ). Figure 4 shows the current transients recorded in the Ni and Fe baths at various deposition potentials. The curves show a gradual increase of the cathodic current to a maximum value for all potentials (at shorter time for more negative potentials) followed by a decrease to a plateau. The course of the I-t transients is typical Electrochemistry, (in press) for the response of a three-dimensional nucleation and growth process under mass transfer control. [31] [32] [33] The rise of the current in the I-t plots corresponds to the increase in the electro-active area caused by the growth of individual isolated Ni-Fe nuclei and/or the increase in the number of such nuclei. At this step, the Ni and Fe species are transported to the growing centres through hemispherical diffusion zones formed around each isolated nucleus. The radii of the hemispherical zones increases with time and the diffusion zones start to overlap, eventually forming a planar diffusion layer. The maximum cathodic current achieved after a short time is related to the maximal electro-active area (i.e., the moment at which hemispherical metal nuclei are at the point of collision). The current then falls, and the transients can be characterized by the Cottrell equation 34 because the electrochemical reaction is performed under conditions of linear diffusion. The positions of the cathodic current maxima in chronoamperometric curves are dependent on the bath composition. At the same deposition potential, the current reaches its maximal value after a longer time when saccharin Na is present in the baths compared Fig. 4(a) to Fig. 4(b) . This confirms our previous assumption regarding the inhibiting effect of saccharin Na.
Nucleation mechanism
The theory underlying the potentiostatic current transients for three-dimensional multiple nucleation with diffusion-controlled growth has been discussed by various authors. A simple model was chosen to fit the experimental data (Su et al., 2009; Scharifker and Hills, 1983). 31, 35 According to this model, the equations describing the nucleation are:
for instantaneous nucleation and
for progressive nucleation. In these equations, "i" is the transient current, "t" is time, "i m " is the peak current in the current-time curve, and "t m " is the time to the peak current.
The nucleation type can be classified by comparing the experimental results with the theoretical curves plotted in a dimensionless form. Figures 5(a) and (b) show that when t/t m < 1 for both systems, all of the transients exhibit a behaviour corresponding to progressive nucleation, whereas when t/t m > 1, a deviation from the predicted curves occurs. The latter phenomenon is more obvious in the presence of saccharin Na. When t m < t < 2t m , the nucleation mode becomes instantaneous nucleation in the blank solution, whereas in the solution containing 14 g/L saccharin Na, the progressive nucleation persists. The reason for this behaviour is related to the electrode surface state. In the blank solution, the nucleation points become occupied and covered by the deposited metal; as a result, the nucleation process is impeded, and no new nucleation points are formed. A. M. Rashidi and A. Amadeh 12 reported that an additive (saccharin) as a grain refiner could increase the frequency of nucleation, and D. Mockute and G. Bernotiene 28 found that each molecule of saccharin consumed incorporated one atom of sulfur in electrodeposits. Then combined with the research of Y. W. Li et al., 29 we inferred that the NiS and/or FeS could be formed and blocked the cathode surface accompanied by metal deposition on the previous nucleation points which increased the frequency of nucleation in the solution containing 14 g/L saccharin Na. Thus, the nucleation mode remains progressive nucleation. The increase in the number of nucleation points results in grain refining, which is consistent with the result shown in Fig. 3(c) . Figure 6 presents the cyclic voltammetry curves obtained at 60°C in the presence of different concentrations of thiourea in the Ni and Fe bath. In the negative scan, the Ni-Fe co-deposition in the absence of thiourea starts at approximately ¹0.98 V, and the voltammogram exhibits a shape being similar to those obtained with different concentrations of thiourea. Furthermore, the deposition potential shifts in the positive direction in the presence of thiourea. 21, [36] [37] [38] The depolarization of the cathode at low concentrations of thiourea might be attributed to the adsorption of thiourea 2+ and the formation of this complex favoured the Ni deposition process, 39 thereby leading to depolarization of the cathode. Since thiourea was thought to have a greater effect on the surface charge transfer than mass transfer, an impedance analysis was performed to reveal the effect of thiourea on surface passivation related to charge transfer resistance. Figure 7 shows that the charge a b Figure 5 . Analysis of chronoamperometric transients for Ni-Fe alloy deposition on glassy carbon electrode (at the potentials indicated). a) without saccharin Na; b) at saccharin Na concentration of 14 g/L, according to the Scharifker-Hills' nucleation model. ) 21, 39 has been formed and blocked the active sites of the working electrode, and results in the cathode depolarization. However, the excessive adsorption of thiourea on the electrode surface happens with its amount increased to 5 mg/l, and the charge transfer resistance decreases as shown in Fig. 7. For the grain refinement of Ni-Fe deposits from the Ni and Fe baths, thiourea should not be added together with saccharin Na during the nucleation stage.
Grain growth
After being plated for 15 s in the Ni-Fe solution containing 14 g/L saccharin Na, the electrode was removed and transferred quickly to the solutions containing different concentrations of thiourea for further deposition. The cyclic voltammograms of Ni-Fe deposition with thiourea concentrations of 0, 1, 2, 3, 4, and 5 mg/L are presented in Fig. 8 . This figure shows that there no current loop for the nucleation process is found in the cyclic voltammetry curves and that the cathode current increases substantially as the thiourea concentration increases at ¹1.40-¹1.00 V and is maximized at 4 mg/L thiourea. In other words, the Ni-Fe grain growth is promoted by thiourea concentrations of 0-4 mg/L. When the thiourea concentration is further increased to 5 mg/L, the cathodic current decreases which might be ascribed to the excessive adsorption of thiourea on the electrode surface and the resulting increase in the electrode reaction resistance (Fig. 9 ). Figure 9 shows that this electrode impedance (the electrode reaction resistance) initially increases with the cathode potential, then decreases, and eventually stabilizes, attributable to the transformation of the rate-limiting ring from electrochemical control to diffusion control. 22 Thiourea mainly influences the electrochemical process, promoting grain growth significantly when the co-deposition process is electrochemically controlled at a low cathode potential. The rate-limiting ring is transferred to diffusion control at higher cathode potentials, and in this case, the thiourea exerts little influence. The minimum resistance is obtained with a thiourea concentration of 4 mg/L, which is consistent with the cyclic voltammograms presented in Fig. 8 .
The Ni-Fe electrodeposition experiments were conducted in sulfate solutions containing 60 g/L Ni 2+ , 0.5 g/L Fe 2+ , 8g/L H 3 BO 3 , and 60 g/L Na sulfate at 60°C and a current density of 25 mA/cm 2 ; saccharin Na and thiourea were used as additive agents. The electrodeposition experiments were initially performed in the presence of 14 g/L saccharin Na for 15 s (consisting with the electrochemical experiments) and then transferred quickly to the solutions containing 4 mg/L thiourea for further deposition. The SEM images in Fig. 10 reveal that none of the deposits obtained at different times have obvious cracks, indicating that the strong Electrochemistry, (in press) v internal stress in Ni-Fe deposits is alleviated. Table 5 shows compositions of the deposits with different concentrations of thiourea. It shows a continuous decrease of iron content in the deposit with the increase of thiourea concentration. The iron content is 4.64 wt% with 1 mg/L thiourea in the electrolyte, and then drops down to 4.05 wt% with thiourea concentration increased up to 4 mg/L. Meanwhile, the sulfur content in the deposit increases from 0.012 to 0.029 wt%. This indicates that the thiourea complex amount which adsorbs on the cathodic surface increases with thiourea concentration and it prevents Fe 2+ electrodeposition from the electrolytes.
Conclusions
The electrodeposition of Ni-Fe alloys from sulfate solutions containing 60 g/L Ni 2+ , 0.5 g/L Fe 2+ , 8 g/L H 3 BO 3 , and 60 g/L Na sulfate at 60°C was studied mainly using the electrochemical techniques of voltammetry and chronoamperometry.
The results obtained suggested that the cathodic polarization potential of Ni-Fe codeposition increased as the saccharin Na concentration was increased from 0 to 14 g/L, which led to an obvious grain refinement and disappearance of surface cracks at a saccharin Na concentration of 14 g/L. The different morphologies of the deposits obtained with and without saccharin Na suggested disparate nucleation mechanisms in these two cases. At t m < t < 2t m , the nucleation mode transitioned to instantaneous nucleation in the blank solution, whereas in the solution containing 14 g/L saccharin Na, progressive nucleation continued to occur. Because of the adsorption of thiourea and its reaction with Ni 2+ and/or Fe 2+ ions, the deposition potential shifted in the positive direction in the presence of thiourea. The Ni-Fe grain growth was promoted by thiourea concentrations of 0-4 mg/L. However, for the grain refinement of Ni-Fe deposits, thiourea should not be added together with saccharin Na during the nucleation stage. After the Ni-Fe codeposition initially performed in the presence of 14 g/L saccharin Na for 15 s and then in the solutions containing 4 mg/L thiourea for 2, 4, 6, and 8 h, the SEM images of the obtained deposits revealed that none of them had obvious cracks, indicating that the strong internal stress in Ni-Fe deposits was alleviated. In addition, the thiourea complex amount which adsorbed on the cathodic surface increased with thiourea concentration and it prevented Fe 2+ electrodeposition from the electrolytes, causing the iron content in the deposit decreased with the increase of thiourea concentration. 
